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Abstract

The rapid( emergence of antibiolic I-csislant (ART) pat hogcns is a major ihrcat to public

health, Whilc the surtfcing of ART foodborne pathogens is alarming, the magnitude of the

antibiotic resistance (AR) gene pool in foodborne commensals is yet to be revealed. Incidence of

ART commiensals in dairy, i1ecat, sealfod aild pr'oduLCe idl'OuctSli, was exam' ned in thlis study.

[wclvC of, ihc 15 rclail chccsC samplis tCsIcd wcl-Ce btlld to colltaili Tel"t' iicrohcs r'allit"Ing, Civonl

102 to 17 CF(7 per gra1m of food- All 15 retail produce samples cxamined colntainled Em'.f

microbes up to 107 ('PLJ per gram of product. The presence of'largo popu-lations ()of ART bacteria

in these foods, particularly in many ready-to-cat, "Yhealthy" food items, indicates that the ART

bacteria are abulindant in thie tibod chain, AR-enco(ling genes were detected in ART isolatcs and

the main hosts lfr thelse genes in several types of foods were further identified. Particularly,

Streptococcus thermophilus, a commonly used dairy starter culture, was found to be a major

carrier organism for AR genes in cheeses, arguing that it might no longer be suitable lbr cheese

irMOduction. AR-cicoding plasilids werec isolated lIrom ,i several ItodhorllI conliunsals alland

trlansmitted to the oral i-esidential bactlrliUm S/rc7ploco'CCis MUlMMIY via nllatlulrl gQenle

transformation under laboratory conditions, stiggestinlg the possible transfer of AR genes from

Iood commensals to human residential bacteria via horizontal gene transfer. Since the ART

a);icteria froilm food have the potential to modily the huLmn•ul CcosystCms by bCcomillg piil of I he

niicrobiota, or involved in gCnC swapping during their transient passagtc through host oral, upper

respiratory and GC systems, rOuLtielC intake of large numbers of ART bacteria through fbod

consumption may play a significant role in the existence of an increasingly antibiotic-resistant

nmicrobiota in the hulmattn ecosystems.

2
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Int rod uction.

The rapid cmcrgcncc of' rcsistant pathogens to various antibiotics indicates that the

surfacing of resistant pathogens untreatablc by antibiotics constitutes a real threat to public

health (Levy 199N). 'T'o ci'lhctivcly combat this problcili, establishing a comprehensive

tMUderstan(Iding of the ma1Jr path ways in anttihiolic res;stance (AR) gene dissemination as well as

the key mechanisms in the evolution of antibiotic resistant (ART) bacteria is an urgent need.

While horizontal gene transter among pathogens in the hospital environment has been

recognized as an important avenue for the rapid spread of AR genes among pathogens, evidence

showed that addiltional pathways besides tlie clinical sctt ligs also Coflthiblutcd to the spread oI'

ARTi' bactcria, a.d tlhat (he use ol antibiotics in animals can also impact hum7an microbiota (l,cvy

ct al, 1976; Smith ct al., 2002). Various rcports on the isolation of ART pathogcns from fobod

animals, retail mcat products and flirn environment as well as the identilication of AR genes in

these isolates ILurtlhcr support the notion that inappropriate use of antibiotics in agriculture 1111d

.animal production, whether fbr theralpeutic or subtheriapeutic purposes, thcilitated the emergence

of ART pathogens and that the food chain could he another route in transmitting ART pathogens

to humans. flowever, most tood related studies, to date, have examined the AR, profiles of a

sp~cific group of pathogens, such as I,'. c..i/i 0)157:117 (Schmidt ct a., 1998; Kini et al-, 1994;),

("anq1y/oblach'r sp. (G(audrcau and 0ilbert, I 99N, , uiz Ce al., 1998: Smillh cI a]., 19999, Cie el '1.,

2003), Salmonella cntcrica scrovar Typhimuroin (Abrahim ct al., 1998; Lee et al., 1994: Fey et

a],, 2000; Threlfall et al., 2000; Low et al., 1997; Chen ct al-, 2004), and Lisleiria monoc'logenes

(Chaijentier et al. 1999; Poyart-Salheron et al-, 1992; Hadorn ct al., 1993; Roberts et al., 1996;

Riavaseo et al., 1996: Abrahili et al., 1998). The studies on commensal bacteria were limited

and prinmarily I'ocuscd on the opportunistic pathogen enterococci (Klein et al., 1998; Cocconcelli
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et al, 2003; Johnston and Jaykus, 2004). In almost all of these cases, a standard laboratory

enrichment procedure (http://www-fkta-gov/cvi-/Docum ents/AppendiicesA-6.pdt) is required in

order to detect the presence of the ART bacteria. 'Ihe di ffliculty in isolating ART bacteria inl such

invcstigaillons masks Ihc real magnitudc ol'thc AR problem associatcd with thc Ikod chain.

The objective of this study is to investigate the distribution Sp)Cectrmlnl an1d ma1gnitudc of

antibiotic ART commensal bacteria and AR gene pool in the US food chain, and to discuss its

potential impact on public health. Unlike most previous investigations, this study targeted total

lbod ni icrobiota instead of a particu tIh' group of in I croorgafli sfis or pathoCens. 1 ood, samples

were analyzcd without any Ilaboraltory enrichment proecclui-s. [he goal was to detect bacteria

resistant to two commonly used antibiotics, tetracycline (Tet) and erythromycin (Em), within the

microflora associated with toods. l'hese two antibiotics are heavily used in animnal production,

and are still therapeutic options ICr malln (C'hopra anl RIobrts 2001; Roberts 2004). Tlhe pr)csience

of several AR markers including crmnB, ('rm(°, /c(S/AM and ic/A was examined in selected food

isolates. The /etA gene encodes for the drug eftlux protein 'etA. Tl'he /ttS/M, CrmB and ermC

genes encode proteins that can abolish the function of corresponding antibiotics by non-covalent

modification (l'IS/M) or' iecthylauionl (cr-,n anld cri( 4) of' the i bosomes. Tlhese genes have

previously l)een idCnti fied in b0th C;rau-I)ositivC andi C1ram-negative microbes, whercinl they are

associated with various mobile elements (Roberts, 1998). Despite the flct that this current study

only screened for a limited number of resistance markers, it certainly revealed the high

prevalence ol' ART commensals and AR genes in Various food items. These lindings have direct

implications on public hcalth, as hum11.11an11S cOnsLiume these conimenlSZ bacteria loaded foods oil a

daily basis.

4
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Materials and Methods

Iood samplle prepa1ration .IIId cIIIIniCr:Iltio of (0o(l anid AR' pop)ulations. Food

samples were purchased from local grocery storcs. All (kod item,;s analyzcd were within the

expiration date Aor consumption. Five grams of' ach sample were aseptically removed from the

product packaging and placed in disposable Ziploc bags containing 10 ml o' stcrile 0. 1% peptone

water. Bagged samples were then h md-i: ss.aged 1br I 0 Minuites- l lomogcnizcd samp)lCs or

rinsineg liquids were serially dfiluited and plated on non-Nelective Plate Count Agar- (P('A, lecton

Dickinson and Company, Sparks, MD) for non-selective total microbial counting, and on iPCA

plates containing 16 ýtg mL 1 of'Tet or 8 L-g mL 1of' Em (Fisher Biotech, Fair Lawn, NJ) for

assessing 'let and Enm resistant population. Serially diluted samples were also plated on Dil'eo

Iactobacilli MRS Aygar (MRS, Becton l)ickinson and ('omupany) plaites with the proper

antibiotics to recover ART lactic acid bacteria, and on Pscu(domonfas Selcctive Agar (I'SA, VMD

Chemicals Inc., Gibbstown, NJ) with the proper antibiotics for ART Psývedomonas species

isolation. Plates were incubated at 32(.C or 20'(.. Ilor uip to 48 h at tCnepCraturCs aIs s,)ceified for

each sam ple. The cellI numbers reported were the 11:en1 valuees fron0 duplicteCs,

Detection of AR genes by conventional PCR, Conventional PCR was conducted to

detect the presence of AR genes in the ART isolates. Bacterial cells from single colonies were

re-CuSspended in 300 pl sterile d11120 containing I100 .tg of' 1:1 mixture of 0.5 pIm diameter and

0.1 pnm diameter glass beads (Biospec Products, Inc, Bahrtlesville, OK). The sample mixtures

were homogenized using the Mini-Bead-Beater-8 (Biospec Products, Inc, Bartlesville, OK) for 2

5
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Min at maximum speed. The resulting Cecll Cxtracts were place(l in a hboiling watcr hat!l •or 10-!5

min and 5 p.I of the supernatant was used as PCR templates, The PCR primers tciA-FP

5' GCTACAT'CC''GC'IIG(.CTTC3' and //A-RP 5 'CA'I'AGA'T'CG3CCG'IGAAGAGG3' were

used to amplify the 220 1p) •,iA fragment (Ng et al., 2001 ). /vIS-Ul'

5'CATAGACAAGCCGTTGACC3" and t'/S-RP 5"ATGTTTTTGGAACGCC'AGAG3' were Ir

the 667 bp tcIS/M fragment (Ng et al., 2001), errnB-FP 5'GGAACAGGTAAAGGGC3' and

Lr/iB-RP S'GG'I"T"I'AGGATGiAAAG(:.'3' for the 389 bp e•r/nB fragment (this study), and crmnC

Il. 5'( ( TAATATT( 'ITI'AAAT('(;T( AAT3" and elR11 I•,P

5'TCAAAACATAATATAGATAAA3" Ibr tlhe 640 bp cv'm"C Iriagment (Chuing, et al., 1999).

PCR was conducted using reagents as described previously (Luo et al., 2004) and the

amplification conditions included an initial step of 3 minutes at 95oC and 35 cycles of 30

scconds at 95,c (meciting), 30 seconds at 55, ('(anncaling), and 30 seconds at 6O( (extension).

using a thernmal cycler (i('yclrIM, TBio-Rad, I lercules, ('A) P('R prodcIlts with cxpccc(l sizes

were purilied using a commercial purification kit (QIAquick•i. Qiagen, Valencia, CA) following

manuflieturcr's instruction. DNA sequenccs of the flragments were determined using a DNA

analyzer (AMI PRISMO) 3700, Applied Biosystwms, Fostcr ('ity, ('A) at the Plant Genoille

Squencce Facility, Tihe Ohio State U niversity, The DNA sequences wcI-c compared wilh

published Tet or Fm resistance gcne sequences deposited in the NCI3I database.

Identification of ART isolates. ART isolates containing the resistance genes wcre

identified by PCR amplification of the 16S rRNA gene fragment and sequence analysis

following procedures as described previously (Connor et al., 2005). The 1.5 kb 16S rRNA gone

fiagment of the isolates were amplified using the primer pair 5'AGAGT=TGATCCTGGCTCAG

6
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3' and 5'TACCTTGTTACGACTT 3' by ['CR (WCisburg et a., 1991), and thc scqucnccs of thc

fragments were determined and compared with those deposited in the NCBI database.

MI i pro files of' ART isolates. '[The in nzinum inhibition concenlralion (MIN') profiles of

selected ART isolates werc determined using the commercial kit Sensititre 0'0 18-24 1 loutr M IC

and Breakpoint Susceptibility Plates (TREK Diagnostic Systems, Cleveland, OH) following the

manufacturer's instructions, with modifications. MRS or brain heart infusion (13111) broth

instlead o! the sNItu(Ia'd MNuellcr-l lintoni broltli was used to culturc lhslidious organ1ismlls. The MIIC

pancls wCrC inculbatcd at e1ithcr 30)(C or 31"(' for 24-48 11. 'The M(ICs were reported as tihe

minimriumrn concentration of the antibiotic that inhibited visible growth, is indicated by increased

turbidity or by deposition of cells at the bottom of the wells. Control strains used in the study

include S,, aurcu" AT''(' 29213 [American 'Iype ('ulture Collection (ATC('C), Mansi,,sas, VAJ, P.

acr/l,rih)Ua ATC('~27853 (ATCC) I,/ hlcli, MI,3 (I<uhI cl al., 1979), alnd ,IS. ih-rmnp/D/ulh, I.MD-9

(http://www.ncbi.nlmn.nii.gov/entrez/qucry.fcgidb geniomeprj&cmd Retricve&dopt--Overview

&list_uids 13773).

Plasinid isol:atioti froil Se'leted antibiolic resistant is•oltes. In this study, Ihc

lactococcal strains CZ-T4 ('I'Ctr) (nd C(Z-'I'X ('l1 4Qr) were isolated from commercial cheddar

cheese, while strain RMK-TI4 (Tetr) was obtained from raw milk. The multi-drug resistant L.

laclis K214 was isolated from cheese (lerreten et al., 1997). The strains were grown in either

MRS broth or M 17 broth with 0.5% glucose, sup)p)lcmneCnCd with 5 Ig m"'1' TOt and inlCubatCd at

30'C lbr 24 h. Plasniids were isolated from thcsc strains Ibliowing the method of Anderson and

McKay (1983) and were used in the natural trans formation experiments.

7
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Natural. gene transformation. Overnight cultures of'S. mutans UA 159 grown in either

BIIl or Bacto Todd-Hewitt broth (Bccton Dickinson and Company) were transtlcrred to fresh

med i uLn and incubated it 370(' unti the ( )lo)(, readding reached approxinmaiely 0.15-0.30.

'l'ranslbrmiing plasmid DNA was (hncl added at11 ai f1a concenilraltion of, I ftg nIL.-. The culturcs

were allowed to grow for ain additional 2 h at 370(1. After the incubation period, the cultures

were briefly vortexed and plated on selective and non-selective B1ll plutes. For the selection of

'itt' transfbir-mants, BH I plates were sLupplcmentced with 5 ptg mUl'I T't. Plates were incubated in a

5% (C'02 inIcubatior at 37"C.' br 4X I. 'l'Transl'ornatlionl efticlency was calculated based oin (ti rthio

otletr t'alllsftrnlants to the total InlumlbeClr o 'viaiblC cells.

Results

prevaleace of ART bacteria in food safiniples. Usinig the scrCeniing_ con(itions as

indicated, ART bactcria were (elected hin the maIjority of the retail Food items examiond (Table

1), except processed cheese and yogurt (data not shown). I ligh counts of ART microbes were

detected not only i-om raw food materials such as meat and shrinmp, but also li-oin Many ready-

to-cat food items. Twelve out of, the 15 cheese samliples aina;1lyied contained T't' microbes ranlgilng

Ii'onI) 1 02 17 (qC I gi of ibod. The11 number of:'ct' " microbes was grxIletr in cheeses than was

Emn bacteria, Among 15 produce samples examined (7 reported in Table I), all contained up to

107 CFU ART microbes per gram of food, and majority of which (20 to 92%) were resistant to

Eli. The nimber of 'l'et" microbes ili produce was much lower than that of' Vrn". Since it is

unlikely that VInI is used in pr-oduce production or Tel in cheese flermientation, the reasons lor the

difference in the magnitudes of Tet and Fin-resistant microbes in these ecosystems are unknown.
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Studics are currently undergoing iI our laboratory to revCa.l the possible fEctors contributing to

the selective maintnmance of these ART bacteria in the corresponding ecological nichcs.

It is worth of noting that the study was conducted using limited incubation conditions, the

antibiotiC conceiltrat ions useLd to screen tor resistant organisms were based Oi those used IZor

Cnterococci and might not be optimal for ,ll bacteria, and bacteria located within the plmit lissues

may not have been detected. Thcrelbrc the nuim-bcrs reported here only rcprescnt a portion of the

total ART bacterial load in these foods.

l)ctcvtion of AR genes and ART isolates identification. T'o confirm that most of thC

ART organisms detected by growth on the selective agar plates were resistant bacteria due to the

possession of various resistance mechanisms, conventional I'CR was conducted to detect the

preseiice of selected AR genes in these organfisms. 'l'able 2 summarizes (he screening results Ibr

soic of the Film and Tet markers, and the i(lliIcs o1 selected ART isolates as decermnined by

i 6S (bacteria) rRNA genc scquencc analysis.

Among the Tet' isolates recovered lfrom cheese, more tham 20% contain•d the [eIS/M

g.ene (Table 2). The 10(S sequence amalysis showed that isolates ('/-l4 atnd (7'Z-I's had 97%

sequence identity to unidentified LJac.occcutv qs., and particularly had 03-94% identity to L.

garvicae awd L. lacuis. Meanwhile, the 16S rRNA sequence analysis of the raw milk ART isolate

RMK-T14 showed similar sequence idlentity to unidentilfied Laclococcus v/)., :id L. gatrvieka,

suggesting this is a common organism from milk. 'i'hcrcaore, it is possible that the cheese

Iactococcal teiS/M-containing resistant isolates were originated 1rom milk (pasteurized but not

9
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sterile) or dairy processing environment during cheese fenientation- S. thc'rmophilus was Imiiid

to be an important carrier for the teiS/M gene in cheeses.

Among the Im';m is olates firom cheese, more t.lnn 50% contained the er.l?3 gene, and the

carrier organisms i(lcnlliiicd so fur includc S./aphIvlococcus s i. (5 Out of 28) and S. Ihriflo/)hiihis

(23 out of 28). Approximately 10-30% of the Fill isolates fihmi salad and carrots contained the

c'rmB gene, with the primary carrier organisms being Pseudomontas sp. or En/erobacler sp.

In addition, the ic/A gene was idncotified 'rom two cheese isolates CZ-T3. CZ-'7'7 and

several isolates from raw pork meat. These isolates were all identified as Pseudoinonas sp. Both

tctS/M and ermC genes were Ibund in the isolate CX-i EM from packaged sliced chicken

lunchmeat, suggesting a multi-drug resistance phcnotypc of lthc strain. CX-I EM Wa)s identified

1o be Psciu(lornowa sp. ART bacteria were isolated sporadically in lunchmcal (data not shown),

which is probably due to occasional contamination during the processing of the meat.

MIC analysis. MIC tests of selected cheese isolates showed that Laclococctts xp. CZ-T4

and CZ-TS (t(.S/M 4 ) were resistant to at least 16 -g mlT,-e lt, and S. t/riop/ilux 1"4 (crmBl4 )

was resistant to Em (Ž 8 pLg mU'). clarithromycin (> 8 ptg mL-'), and clindamycin (4 lag ml,' ).

Staphylococcus sjo. C202 was resistant to both Em (Ž8 pag mL-') and Tet (>Ž16 pg mrl]),

suggesting the possible possession of both resistance deten-ninants in this isolate.

Lac/ococcus sp. RMK-T14 (/i,/S/M5) from raw milk was resistant to Tet (>.16 lag mII-),

Em (Ž8 jig mL-'), clarithromycin (>8 pg mUL), and elindamycin (Ž4 pg m1l-). Therefore this

I0
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isolate likely carried multi-drug resistant dceterniinants or multi-drug resistant niechani sm(s). The

raw milk isolate Streptococcus uberis RMK-T22W exhibited resistance to Tot (Ž16 jig ml:').

All of the Psc'udonionas 'IA isolates recovered fromn pork and cheese exhibited

resistance to Tot (7-16 pg nL)), Fm (-2-8 tg m I), and vancomycin (--32 p.g il-), indicating

a multi-drug resistance phenotype in these organisms. The Pseudornonas sp, CX-! FM

(ermB'tetS/M+) from packaged sliced chicken lunchmeat was resistant to Tot (>-16 pg mUL-) and

Em ( t8 j-g nLi').

Horizontal transfer of the AR gene from food isolates to oral residential bacterium.

The te/S-containing lactococcal isolates CZ-T4 and CZ-T8, recovered from cheese, and RMK-

T14, isolated from raw milk, contained a plasmid with an approximate size of 20-25 kb. To

assess the potential risk of the IRodborne ART bacteria in disseminating AR genes to human

microbiota, plasmids isolatcd floioi the above strains were used for natural transformation of the

oral cariogenic pathogen S. mutans in laboratory media. The xeIS/M gene was successfully

trw•sferred to S. mutans UAAI59 at fr-equcncies ranging from 1.9 x10 7 to 2.8 x 10i, 4.7 x l0-7 to

2.3 x 10"(', and 3.8 x 10"' to 2. I x 10o6 translbrmants per recipient cell using C'Z-T4., C-Ts and

RMK-T14 plasmid extracts, respectively, In addition, the multi-drug resistant plasmid pK214

from the cheese isolate L. laclis K214 was also successfully transthrmed into S. mulans UA159

at frequencies of 1.1 x 10ff to 1.2 x 10-5 transformants per recipient cell. PCR amplification

confirmed the presence of the ItcIS/M gene in the streptococcal transforrmants. MIC test showed

that the transforniants had significantly increased resistance to Tot (Ž'16 ptg inL 1) compared to

the parental strain UA159 (2 ptg mUl'). 'These results illustrated that the WtS/M gene from lbod

11
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isolates can lead to resistance in residential host bacteria or pathogens, if acquired by horizontal

gene transfer.

Discussion and Conclusion

The increasing inability to effectively treat mlany infections with antibiotics due to a

rapidly emerging AR phenotype in many bacteria is a maijor threat to public health. Efiective

control strategies to reduce antibiotic resistance need to be built uponI having a complete

undcrstanding o1" the key pathways leading to evolution and spread of AR genes as well as

identifying the eanrier organisms. It has been known that the presence of AR gene pool is the

basis for horizontal gene translfi-r and that selective pressure (antibiotic usage) plays an1 important

role in the enrichment of ARIT bacteria via horizontal gene transfer (Levy 1998). Horizontal gcule

wranslbr among pathogens in the hospital environment is recognized as a main vehicle for the

rapid spread of AR genes among pathogens, whereas minimizing antibiotic misusage has been

the primary control strategy used to combat the AR problem worldwide. The potential impact of

antibiotics uLsCd in aimal production on the emnergence of' ART pathogens has also been

(liscussed extensively. I lowevci-, recent studies Nive showed that the microbiota irn children and

adults is becoming increasingly resistant to antibiotics, even in the absence of antibiotic

treatment (Lancaster et al., 2003, 2005; Ready et al., 2003; Villedieu et al., 2004). Reports on AR

gene reservoirs in the environment (Gillivcr ct al., 1999; Osterblad et al., 2001; Nandi et al.,

2001; Smith ct al., 2004), combined with the important new results presented in this study,

further indicate that the scope fbr AR gene transmission is quite broad.

12
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This study targeted the AR gene reseQ¢rvoir in comnmensal bacteria associated with the food

chain. The size of the AR gene pool is quite large in commensals, and horizontal transmissions in

ecosystems, directly or indirectly mediated by the abudttdit and diverse comMensal populatiolls,

a're much mIore likely events than direct AR gcnc disseniilation frot one pathogcn to another.

Comrncnsal bacteria could even serve as "enhancer- thcilitating the disscnination of AR genes

in ecosystems (Luo ct al, 2005). Our data on the prevalence of ART bacteria can be translated to

103 to I08 CFU Tet" microbes per slice of cheese (about 20 g), and up to 10" CFU g-1 Ema'

microbes per serving of salad (about 50-100 g) or baby carrots (about 10 pieces). Since these

kbods are normally considered healthy, and are consumed without Further cookding or processing,

these data arc a good indication of the daily intake of ART bacteria via the food chain. Therefore

without even being exposed to the hospital environment, human beings are unintentionally and

constantly inoculated through intake of lood with large populations of' AT bacteria including

opportunistic pathogens and cornmensacSs such as PV/ ,n0ontitx Sp., S/r/)IlococcJIs sp. and

Staplhvlococcus sp., many of which carry resistance determinants to antibiotics. This finding is

consistent with a previous report that consuming sterile foods can significantly decrease the

presence of ART bacteria in the G1 system (Levy 1998). Particularly, oral cavity could bl an

important ,rcea where man1y initial interactions bctwccn fibid microbes anti human microbiotai,

including horizontal gene transfer events such as conjugation and transfonnation, took place

during the retention of food residues in the oral cavity. In fact, the zeiS/M and ennB genes were

lbund to be abundant in bacteria isolated from foods, which is in agreement with the prevalence

of these Tet- and Em-resistanc genes in hunman oral microflora (Roberts, 1998). Successful

transrnission of the resistance genes friom the food isolates to the oral residential bacterium S.

mutans, by natural gene transformation, further confirmed the functionality of the mobile

13
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resistance-encoding elements, if acquired by horizontal gene tramsfer. Further research is needed

to establish the direct correlation between the ART microbes from foods and the ART population

in the h[ost ecosystems. I lowever, it is evident that a constant supply of ART bacteria, partnered

with occasional colonization, and horizontal gene translefr arc at least partially responsible 6br the

increased AR proliles seen in hunian.

While the ART population in the human ecosystems might not cause a major problem in

healthy people, such an intrinsic AR gene pool could have signilicant impact oi pathogen

resistance it suscecplible population, amd patticuLirly those receiving antibiotic trcatmcnt. DOe to

the magnitude and spectrum of the ART bacteria identified in foods, we propose that in addition

to the medical route, the food chain might have served as a major avenue for the transmission of

ART bacteria fi'om the envirollllenlt to b1unun111 il tihe general. population.

It is worth noting that ART pathogens can emerge in the natural ecosystems and be

transmitted to the host, or directly evolve within the host ecosystems. Furthermore, not only are

fbod 'and related processing environment part of the external ecosystems where ART bactcria

could evolve, but ialso Ibods are mnajor carriers Im- ART Ibacteia and sclcctlivc pressures inherent

to the processing procedures themselves (such as addition of preservatives or other food

additives), which could further augment the emergence of ART bacteria in the host ecosystems.

While it is a major challenge to track the direct and indirect gene transler events among microbes

in complicated ecosystems (Andremont 2003), idcntifying key AR gene carrier orgamnsms iM

foods not only reveals the ultimate consequence of these events in the food chain and the

organismns involved in horizontal gene transfer, but enables further characterization of conditions

14
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in these ecosystems that might ficilitate horizontal gene transfbr and features of the organisms

that might grant their fitness in such ecological niches (Luo et al., 2005a). Such understanding

would be critical for efT'ctive counteractive strategies t) interlere with the detrimental gene

swapping in both ialura[l aind host ecosysItems.

Identification of the key pathways in AR gene transtl'r is critical but developing a

strategy to combat this problem is even more important. Among the lbods examined, meat and

sealbod products likely are subject to heat trcatmecnt and the ART' IlIbLr would bc signilicantly

redueced in cooked floods, RC(id-Io-L'at itenis such :s salad and baby carrots are normally

consumed raw. Therefore including a bactericidal proccdurc is important before consumption.

Preliminary studies in our group showed that applying minimal heat for short periods (within

seconds) or treatments with active ingredients can effectively destroy the ART flora in these

products (Lehman Ct al. unLp)u~blished data). Such Ireatillents will not change the sensory Iýature

of the products and will likely lead to manageable approaches for the industry and the consumer

to combat the AR problcm. The finding of ART bacteria in cheeses otten associated with raw

milk, such as sp('ioc.o.cU, ,/)., Sh/rel)OCOCCLs ,V). 111d SWIVly/1[(.JC(-'CCX s/),., suggCstS that cheeQse

llwmcntaItion is a susceptible process during which ART' bacterii could evolve and proldi'lnrale.

Improving sanitation and milk heat treatment are thereby an essential step in reducing ART

bacteria. Fortunately, traditional starter and adjunct cultures such as L. lactis subsp. laclis, L.

lactis subsp, cremoris and Laclobacilhes sp. so t ar are not :aiuong the identit, ed carrier organisms

(or AR genes, l However, an industrially important lactic acid bacterium, S. thelrmophi/UX, was

found a dominant carrier organism for both Tet and Erm genes. Genetic screening and MIC tests

of three commercial S. thermophilus starter cultures showed that the strains are free of these AR

15
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gcnes, suggesting that the susceptibility of this organism to horizontal gene transfi:r during

cheese femientation and its unsuitability as cheese starter culture.

In general, while it would bc a tedious and likely long-term eflbrt to clean up the AR

gene pool iII the cnvironment, interrupting the transmission of ART bacteria into human by

lbCusing Our cflbrts on the food chain could be an c'ilective strategy to combat the AR challenge

in human.
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Table I. Prcvalcncc of AR microbes in selcted fbod sumples

Food Item Sample Source Total Plate Count lel-resistant Count* Ilm-rcsistant Count'
(C(Ft 11g flood) (C:Ut J!o 'od) ((l"I/g food)

C'hedd-. C'hes /I" Slore I (!Brand A) 3.2x10 1 1A.4 xNO" .1X1lOt IA.Ix 16 QO.xIO Ilx l10'

de /2;' Store II (Brand B) 2.9x 10 46+9 .Ix 102 1- xi• '16.7,y1 7  ...... 9 .5x I0-'+4__ .2x 101

Cheddar C humse /3/ Store 1I (Brand C') 2,5x 109 1 3, 1x10' Io, 4.Ix 0 f7-0x 10t 4I-i 1 613x10

(hcddar Chees.'• /14 S. ore.) .Itu(!and I), 5.5,x&1 1 *,. x51N ' l0xIJ O I 1.0xl0 1 0

Cheddar Cheese 115 ' Store I (Brand E) l .9x 10+ 4 .Ox10 S.OxT 10 '' 3.x1 ... ....... 4.Ox 10 1-4.0x 10i

('hCeIdar (hlese //6;' Store I Brand (1R) 7,(\x ]70I 2,X 10' I ( 1I 2.Ox 10' 2.Ox 10 I 2.ox I 0I

Cheddar C'hees //7" Store III Brand (FB) 3..•.9x ()71 i9,1 I. ()(I 3.7x I .l .5 \7, Y.7x () I 7,Ox 1It)

choddarr( hlcesc 118 Store I (Brand A) 2",-l- I3.6X - -ix 10, -)x1I20x104 2
___ 1-1

Cheddar ('heese 1/9 SlMore III (Brand C") 5.2x I 08 1 5.2x I l-.ox 6" I T.Oxml
Colby ( 'hee.e It " __ orCI (,I nd C) 5.6x I o , I. t.4IX 1I o, 10 1 x O 1 6.0 10

Colby Clicsef/2' Store Ul(.Irand B) 2,2,i\ !8.5x 10 2 .Xxl 6I 8 ,6xlO 2,2x 10 -l.4x 10-
Swiss ('hcese 111 Store I (Brand F) 2.4",-,0"11, II7 47x 1 0 10' 27xI I I.Ox 10'
Mozzarella Cheese Ill Store I (Blrand IB) 3, 6x I1)' 7,6x 10' 5.Ax I • I 2.ox I01 , I

Mozzarella Cheese 112 Store I (Brand A) 1.3xlIl i L .7xT .
Mozzarella ('heeseC/83 Store I (rtand I1) 4.2x I O -4.-)xl" -10 -1

IBaby ('arrots Il1 Sto ',. I (lt':lml I") I.2x I10 1 2.5x l__ 6.7x I 10.. I.Ox 10"

Bab, Carrots /12' Store It (Bra.d.J) ---- 4.5X104-l.4xl06 
. 1r6xlO 47,1xl9 1.2xl0"0-l.4x105

Baby Carrots 1/3'. ll 9.0xl )7 6,6x 10' 4.1 x I F0 ..5x 10". 4.Ox 1071 1,9X )107

Mushroo l' "..1Store I (Brand (10) 9 1.14x I0Ax It) 2.,x I0 ,1"2x.& 1" IxltO"0 I Ax 10'

Mushroom It I Store I (Brand (1) 1.5xl0-l-I-0 5.0xI Ol'l.4x 10' 10x t"o IxIO
Salad 1I/11' Store II (I rand II) 2.4x 1.0",F8.5xI 0� ),().x 1,0x1 7.1 x 10" 2.2x 10(I -1.4x] .1 .
S alI agd li /I S to re 11 ( B ra n d l l) 6 .5 x t 0 " l. (x I 0,% X I O ' l 5 x l o 5 . ' ' ~ x I 0x 1 4, "ix10

Salad /12" Store I (Brand 1) 3.OxIO"-2.dxl05  __4.0xl- I .7"x " )o" 1.5x 101 5,7x I0
Salad 12' Store I (Brand I) 1,7x 10" 17.1 x 10' 6.0xl( I 2•g2 ,x 0.4x 10"' .x -

Sala'd //31K- .ha slarIi'ant A 4.XxO7 5.7x 10 5".6x I• 1" W .sx1', 3.7x10)1,2..ix
Salad 113" Chain Restaurant A 2-,xI-Ti 17-IXI. 4.8x10'3 13Ax I ........ 2..x•0'' 3.Ix 10'
Shrihp t/1" Store !I;(BFr~id C).. 1.3x10 .+.4lx 10' 6.9x I o...4x!.. .1 I.5xI0 l 2.8x 102
.shr•.•p. I..../! P Store III ý,Brand C) . , 1x7l I 0o 3.4x 10 •.-x' T'" 2.1 I10"I I1.4x O 1
Shi ..... r4.3xlO I I.6xlO . .2x1 0-.2. x10' 3. Ix 10' 14.'x 10'

Shrimp //2' Store IV 6,,3x 1 0I .8xl " 6,0x 1 ) 2.8xl( I 014x 10- 1 5.7x 10
P,_,k .t'h• 1. . .. . . . . . . . . Store-, .! . .3 ,?)2X1I 1.6x ..... 5.7x I t x I . Wx 10 I.,Sxl " 2.x li '

Pork Chop' Store 11 4, 6x 1i- 1.2, Xx 10' 1 .Ox101 I.4x 10...... Ox 101 12.8x 101
Raw Milk' Pilot Plant 4,5,NzI•d2.5x 10 3.4x 1013.5x10 1  .34x 102! 8.Ox 10'

Raiw Milk" Pilot 1'Lnt X,5N 10" I.S.< I0 4.x Il& 1.-i0 l 7.6x 10 ' ..Ox 12

Raw Milkh Pilot Plant 7.6x 102 3,5,x 10 7,Ox 10'_[- 1.2x 10"1

scev,'icd oil agt;:' pl)wI's containinlg I Oppl,/1II melracyclirle.
'Screened on agar plates containing gl.tg/ml crythromycin.
"Microorganismis were rccovered from cheese samples by plating on MRS agar plate and incubated at 30'C.
h MIcroorp:;.imsfl were,( recoverd by pli' itn on PC('A agaur plates and incubaled ml 20"`C.
"Mvicroortganisms were recovered by plating on 11CA agar platws and incubated at 37"C.
"dMicroorganisms were recovered by plating on MRS agar plates and incubated at 20"C.
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Table 2. Identification of antibiotic-resistant isolates from food based on 16S rRNA gene

sequenlcing.

Food ART I .ari Resixstace "eCIe 168 rRNA -eie idenwity

(# carriers, l# isolates screCecnfe) (#organisrn%/ flidentifiecd)

('h~cs TJel. lK'/S/M (8/33) Laciococci.s sp. (2/8)

S/n-p•m .vi '' uh, 'r-uuq1hilfx (518)

1etA (2/33) Pscudomonas sp. (2/2)

Irneil (32/56) ,/upI/,'/u.occx sp. (5/28)

,Sriplewot' iCs thcruop/l/hhs. (23/28)

Raw milk "'ct tetS/M (8/108) Lactococcus sp. (1/8)

,Sh-'/ /OCOCC nS . (I/S) I I

Salad Ely)n IAgrn, (7/20) l,'nicro/uu Ier sp. (3/4)
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